We have studied the effect of verapamil on the incidence of ECG changes and right ventricular pressures (RVP) in 25 male patients (aged 62 (SD 9) Anaesthesia: thoracic. Complications: arrhythmia, postoperative. Heart: right ventricular pressure, verapamil. relatively increased. Thus the combination of increased blood volume and HPV stresses the right side of the heart and atrial fibrillation may occur after operation in about 20 % of patients [2] . In this situation, dilatation of the pulmonary vascular bed may be helpful. Verapamil has been shown to inhibit HPV in vitro [3] and prevent right ventricular hypertrophy caused by HPV in rats with chronic hypoxaemia [4] . The sustained effect of verapamil (not possessed by other calcium channel blockers) may be related to its active hepatic metabolite, norverapamil, which has 50 % of the potency of the parent compound [5] . Verapamil also has an effective antiarrhythmic action on the atrioventricular node [6] .
relatively increased. Thus the combination of increased blood volume and HPV stresses the right side of the heart and atrial fibrillation may occur after operation in about 20 % of patients [2] . In this situation, dilatation of the pulmonary vascular bed may be helpful. Verapamil has been shown to inhibit HPV in vitro [3] and prevent right ventricular hypertrophy caused by HPV in rats with chronic hypoxaemia [4] . The sustained effect of verapamil (not possessed by other calcium channel blockers) may be related to its active hepatic metabolite, norverapamil, which has 50 % of the potency of the parent compound [5] . Verapamil also has an effective antiarrhythmic action on the atrioventricular node [6] .
In a double-blind, randomized placebo-controlled study, we have examined the effect of verapamil on right ventricular pressures, pulmonary gas exchange, systemic haemodynamics and cardiac rhythm in patients after thoracotomy.
PATIENTS AND METHODS
We studied 25 male patients undergoing elective thoracotomy (table I). The study was approved by the local Ethics Committee and informed consent was obtained from all patients. Patients receiving digitalis or beta-blockers or with an unstable cardiovascular state were excluded.
After arrival of the patient in the operating theatre, a cannula was inserted into a vein and Hypoxaemia in chronic pulmonary disease elicits global hypoxic pulmonary vasoconstriction (HPV) which is responsible for cor pulmonale and right ventricular failure [1] . After lung resection, especially following pneumonectomy, the total blood volume perfusing the remaining lung is fentanyl 0.1 mg given i.v. The radial artery on the side contralateral to the planned thoracotomy was cannulated. A balloon tip pulmonary catheter (Swan-Gan2, Monitoring Catheter, 7-French gauge, American Edwards Laboratories) with a sheath introducer set (Arrow, Inc., Reading, PA, U.S.A.) was inserted into the right ventricle. Right ventricular pressure (RVP) was measured in triplicate with the balloon inflated and a ventricular waveform present. Simultaneously, mean arterial pressure, heart rate, cardiac rhythm (electrocardiogram lead V5), central venous pressure (CVP) and arterial and mixed venous (right ventricle) blood-gas tensions were assessed. Intravascular pressures were measured electronically relative to atmosphere, using a zero level located at midthoracic height (Transpac II transducers, Abbott Laboratories). Arterial blood samples were obtained for immediate measurement of haemoglobin concentration, oxygen tension and oxygen saturation (Radiometer OSM2 oximeter).
Oxygen content was calculated as follows: (haemoglobin x 1.34 x percent saturation) + (oxygen tension (kPa) x 0.0004). Pulmonary shunt was calculated from the standard equation. Oxygen extraction index (Elo,) was calculated as (5ao t -Sv 0t )/Sa Oi [7] . After preoperative measurements had been obtained, a standard anaesthetic technique was administered with thiopentone, fentanyl and enflurane and 50% nitrous oxide in oxygen. Vecuronium was used to provide neuromuscular block.
At the end of the operation, stratification was performed according to the extent of the operative procedure: explorative thoracotomy, lobectomy or pneumonectomy. Then the patients were allocated randomly to receive either verapamil 0.01 mg kg" 1 h" 1 (12 patients) or saline infusions (13 patients) in the recovery room. Verapamil 80 mg or placebo was given orally three times daily from the first morning after operation for 1 week. The patients breathed 60% oxygen (Fi Oi 0.60) after tracheal extubation until they were discharged from the recovery room. Oxygen therapy was continued with 35 % oxygen by mask until the first morning after operation. Thereafter, all patients breathed room air (FI OJ 0.21). Measurements were performed immediately after the patient arrived in the recovery room, 2 h after starting the infusions, on the first three mornings after operation, first with an FI OJ of 0.21 and then with an FI OJ of 0.60 for 10 min. Measurements were performed by the same investigator (L.L.) who was unaware of the randomization and medication. Between measurements, the tip of the pulmonary artery catheter was withdrawn into the superior vena cava.
An infusion of Ringer's acetate solution was given during operation at a rate of 1.5 ml kg" 1 h" 1 . No colloids were used. Haemoglobin concentration and PCV were maintained at acceptable values with transfusion of packed red cells combined with crystalloid solutions. All patients started with a light liquid oral diet on the first morning after operation. CVP was maintained at 5-10 mm Hg during the study.
In each patient, a 12-lead electrocardiogram (ECG) was obtained before operation and again after operation on the next three consecutive mornings. In addition to these routine ECG, serial ECG were recorded when necessary-for example when there were cardiac signs or symptoms or changes observed on the continuous oscilloscope monitoring. A chest x-ray was obtained daily and interpreted by an uninformed, experienced radiologist. Special attention was paid to development of venous congestion or atelectasis. If needed, bronchial lavage was performed, followed by minitracheotomy to remove secretions. Postoperative atelectasis was treated by tracheal intubation and hyperinflation. Measurements were always obtained before therapeutic procedures. Postoperative pain was treated with oxycodone 0.14 mg kg" 1 i.m. on request or, if necessary, with intercostal blocks.
Plasma concentrations of verapamil and norverapamil
Arterial blood samples were obtained in heparinized tubes 2 h after the infusions had been completed and on the first and second mornings after operation for measurement of plasma concentrations of verapamil and norverapamil according to the method of Marvola and colleagues [7] . For the calculation of mean concentrations, values less than 25 ng ml" 1 (lower limit of calibration) were considered as zero.
Statistics
Comparison of the effects of treatments was performed by multivariate analysis of variance for repeated measurements with treatment as the between-subjects factor and data points as the within-subjects factor. Roy's largest root [8] was used as the test criterion. If the effect of the interaction of data point and treatment was significant at a P < 0.05 level, multiple comparisons between the treatments were performed at different data points. In order to achieve a simultaneous significance level of P < 0.05 in each test, comparisonwise level of P < 0.0083 was chosen. The effect of haemodynamic variables on predicting the appearance of atrial tachyarrhythmia (AT) was assessed retrospectively using the same methods. Fisher's exact probability test with a correction factor [9] was used for ECG changes. P < 0.05 was considered significant. Results are expressed as mean (SD).
RESULTS
Pulmonary and cardiovascular status and surgical procedures were comparable in the two groups (table I). All patients had normal preoperative cardiac performance on exercise testing. Before operation, PCV, haemoglobin and plasma electrolyte concentrations and arterial pH were within normal limits in both groups. At 2 h and during the three-day postoperative follow-up, no significant changes occurred in these variables. Peroperative bleeding was 488 (SD 186), 400 (187) and 375 (263) ml in the verapamil and control groups and in the control patients with AT, respectively. The volume of Ringer's acetate infused i.v. was 26 (7) ml kg" 1 in the verapamil group, 28 (8) ml kg" 1 in the control group and 25 (3) ml kg" 1 in the control patients with AT during the first 24 h. During the last 10 of the 24 h, 5 % glucose 12 ml kg" 1 was infused i.v. in all patients. On average, 0.8 units of packed red cells were given to each patient in the verapamil and control groups, and 0.7 units to those in the AT group. Because of excessive secretions, it was necessary to perform bronchial lavage, minitracheotomy, or both, in five of 12 verapamil and in four of 13 control patients on the first or second day after operation. Lobar atelectasis occurred in two patients in each group. Verapamil patients were discharged from the hospital after 9.7 (3) days and control subjects 10.7 (3) days.
ECG changes and cardiac rhythm
The groups were similar with respect to the extent of ischaemic heart disease as revealed by medical history and preoperative ECG findings (table I). All the patients had sinus rhythm before operation. On the second day after operation four of 13 control patients had a rapid supraventricular rhythm with a ventricular response of 142 (29) beats min" 1 . Three patients had atrial fibrillation. The fourth patient had a supraventricular rhythm, probably junctional in origin, with a ventricular rate of 165 beat min" 1 . No cardiac arrhythmias occurred in the patients treated with verapamil (P < 0.05). Verapamil 5 mg was administered i.v. to all patients with tachyarrhythmia, without a response. In two of the four patients with AT, administration of digitalis and quinidine restored sinus rhythm within 4 h and in the other two, cardioversion was necessary. In three of the control patients, transient ischaemic ECG changes occurred on the first or second day after operation, whereas in the patients receiving verapamil, no ischaemic changes were observed (P < 0.05) (table II).
Haemodynamics
Verapamil had no effect on circulatory variables. Heart rate remained at its initial value throughout the study, except in those control patients who had AT on the second day after operation. Mean arterial pressure was normal and similar in both groups. CVP was comparable in the study groups on the day of surgery. On the first day after operation, the control patients who developed AT the next day had a significantly greater CVP than patients in the verapamil group and control patients without tachyarrhythmia (P < 0.05) (table III) . Venous congestion was not seen in the chest x-ray in any patient during the three-day follow-up. Systolic RVP was normal and comparable before anaesthesia, before and 2 h after the start of verapamil or saline infusions in both groups. In the verapamil group, systolic RVP remained at approximately the baseline value and was decreased only slightly by administration of an FI OJ of 0.60 on the first three days after operation. In the control group, systolic RVP was significantly increased on the first three days after operation with an Fi Oi of 0.21 (P < 0.02). Systolic RVP peaked on the second day after operation. An Fi Oi of 0.60 for 10 min decreased systolic RVP significantly on the first, second, and third (P < 0.01) days after operation ( fig. 1 ). Exposure to an Flo, °f 0-60 or verapamil did not decrease enddiastolic RVP significantly ( fig. 2) . However, when the end-diastolic RVP was analysed retrospectively for occurrence of AT, a significant difference (P < 0.001) was observed between patients with and without AT. In the control patients with AT on the second day after 77 (12) 86 (8) 7 (2) 70 (9) 89 (15) 8 (2) 78 (10) 95 (12) 8 (2) After 2 h infusion 86 (12) 90 (8) 7 (3) 78 (13) 85 (11) 6 (3) 86 (17) 85 (10) 8 (4) 1 85 (12) 84 (6) 11(2)* 79(6) 98 (7) 7 (3) 81 (9) 87 (9) 7 (3) Day after operation 2 141 (29)* 88 (13) 9 (1) 84 (8) 101 (13) 8 (3) 88 (11) 91 (12) 7 (3) 3 87 (12) 83 (15) 7 (4) 73 (10) 92 (7) 7 (2) 83 (11) 85 (6) operation, end-diastolic RVP increased five-fold from baseline on the first day ( fig. 3) . Clinically, no left ventricular abnormality was found in any of the patients. Arterial pressure was unaffected in all patients, and in those with AT.
Pulmonary gas exchange
Arterial oxygen and carbon dioxide tensions and pulmonary shunt were similar at the time of the patients' admission to hospital (table I) and before and after operation (table IV) . Arterial oxygen tension decreased and the pulmonary shunt increased significantly (P < 0.05) 2 h after (4) 24 (2) 20 (3) 11.1(3.6) 94(4) 72 (6) 22 (9) 24 (7) 10 (0.7) 95 (1) 72 (1) 21 (5) 24 ( (7) 28 (5) 30 (7) 9.1(3.1) 91(4) 68 (7) 28 (10) 25 (8) 7.7(1.9) 87 (7) 62 (8) 30 (14) 31 ( (9) 25 (6) 30 (7) 9.1(3.1) 92(5) 68 (6) 25 (12) 26 (5) 7.6(1.6) 88 (7) 62 (6) 30 (13) 30 (5) 2 0.60 26 (8) 99 (1) 76 (5) 5 (2) 27.1 (7.5) 99 (1) 78 (4) (8) 26 (4) 26 (4) 9.1 (3.1) 92 (2) 67 (6) 24 (10) 23 (4) 7.6(1.5) 88 (6) 62 (5) 30 (6) 31 (3) the start of infusion of verapamil. These changes did not occur in the control group. On the three days after operation, arterial haemoglobin oxygen saturation was greater than 90% in the control group. Pulmonary shunt was somewhat higher in the verapamil than in the control group (ns) (table  IV) . Exposure to an FI OJ of 0.60 for 10 min increased arterial oxygen tension and saturation significantly, and the pulmonary shunt decreased to the level of the anatomical shunt (table IV) . Concomitantly, systolic RVP decreased ( fig. 1 ). The changes in EIOj were similar to those in pulmonary shunt (table IV) .
Plasma concentrations of verapamil and norverapamil
After 2 h of infusion, the mean plasma concentration of verapamil was 3 (11) ng ml" 1 . On the first and second days after operation, the mean concentrations of verapamil were 44 (50) and 240 (116) ng ml" 1 , respectively. Norverapamil was not detectable after 2 h of infusion of verapamil. On the first and second days after operation, the concentration of norverapamil was 15 (31) and 122 (56) ng ml" 1 , respectively.
DISCUSSION
Thoracotomy-induced hypoxaemia caused an increase in systolic RVP, probably because of acute pulmonary vasoconstriction. The increase in both end-diastolic RVP and CVP in 30 % of the control patients was associated with atrial tachyarrhythmia. These changes did not occur in the patients treated with verapamil. Systolic RVP decreased more in the control patients exposed to 60% oxygen, than in the verapamil group. This suggests that the increase in RVP in our control group was caused by HPV and that, in the verapamil group, the HPV reflex was attenuated. After operation, the patients treated with verapamil had a smaller arterial oxygen tension and greater pulmonary shunt than the control patients receiving an Fi Oi of 0.21. The changes in oxygen extraction index parallelled the changes in pulmonary shunt and supports the view that oxygen extraction increased for pulmonary reasons [10] and may indicate that in the control group HPV was maintained and in the verapamil group it was inhibited, probably because of perfusion of non-ventilated alveoli [11] . Both diltiazem [12] and nifedipine [13] have been found to inhibit HPV, but in the case of nifedipine the effect seems to attenuate rapidly [14] . Although arterial oxygenation was impaired in the verapamil group, no new ischaemic ECG changes occurred, possibly because it has a coronary vasodilating effect [15] and diminishes work load in the ischaemic heart [16] . With oral therapy, as in the present study, verapamil does not affect left ventricular performance at rest [16] .
In our study, an increase in end-diastolic RVP and CVP was associated with AT, mostly atrial fibrillation. Arrhythmia did not correlate with the extent of surgery. Tachyarrhythmia after thoracotomy occurs more often following pericardial dissection or if the patient develops interstitial pulmonary oedema [17] . These factors were absent in our patients, in whom the amount of fluid given during the first 24 h was less than suggested by Zeldin and others [18] . The absence of arrhythmia in our verapamil group may demonstrate protection of the right ventricle by pulmonary vasodilatation and by an antiarrhythmic action through slow calcium channel block at the atrioventricular level [6] .
Several vasodilators, for example nitroglycerin, sodium nitroprusside and hydralazine, have been used in the therapy of pulmonary hypertension, but they all seem to cause systemic hypotension in humans [19] . In our study, there was acute right ventricular strain and treatment with verapamil, started immediately after the surgery, obviated this strain at the expense of slightly smaller arterial oxygen tensions and greater pulmonary shunt. In this respect, verapamil may possess a similar action as in left ventricular strain [16] . Verapamil has been shown to produce a prolonged beneficial effect in primary pulmonary hypertension [20, 21] . Verapamil has also been shown to be tolerated well in patients with obstructive pulmonary disease [22] .
In our patients given verapamil, the plasma concentrations of the drug were in the therapeutic range in most patients on the first and in all patients on the second day after operation [23] when AT and ischaemic ECG changes occurred in the control group. The concentration of the active metabolite, norverapamil was also high, especially on the second day after operation. This may account for the efficacy of verapamil therapy in this study.
Post-thoracotomy cardiac tachyarrhythmia remains a troublesome clinical problem [24] . The results of our study show that prophylactic verapamil therapy in elderly smokers, particularly with concomitant coronary artery disease, undergoing thoracotomy may protect the right ventricle against HPV and prevent atrial tachyarrhythmia in the immediate postoperative period. Verapamil therapy can be indicated if the CVP or enddiastolic RVP increases on the first day after operation, as this may herald the onset of atrial tachyarrhythmia. The use of verapamil was associated with slightly increased pulmonary shunt and oxygen therapy, monitored by pulse oximetry, should be continued, therefore, for at least two days after operation.
